This paper reports a study aimed to detect changes at the northern part of the Vatnajokull glacier, Iceland, by exploit ing a stack of Digital Elevation Models (DEMs) generated with Synthetic Aperture Radar (SAR) imagery. The stack is covering the Bardarbunga volcanic system, subject to large topographical variations during the 2014-2015 eruption. In particular, the collapse of the caldera and the restructuring of the glacier, with for instance the formation of new cauldrons, is well represented by the DEM stack, and a quantitative and a geophysical analysis of the results becomes feasible.
INTRODUCTION
The focus of the paper is the Bardarbunga volcanic system, in the Vatnajokull National Park (Iceland). A small fissure opened up in the Holuhraun plain, situated 48 km north-east of the caldera, on August 29,2014, and the eruption lasted a few hours. The main fissure eruption commenced on August 31, 2014, and lasted for 6 months. The Bardarbunga un rest started nearly two weeks before with an intense seismic swarm. This was the largest effusive eruption to occur in Ice land since the 1783-1784 Laki eruption and was characterised by the extrusion of extensive lava flows. A total of 1.6 ± 0.3 km 3 of lava was produced and an area of 84.1 ± 0.6 km 2 was covered [IJ. Through the combined use of InSAR and GPS measurements, the dyke propagation was also modelled and a magma flow rate of 260 m 3 /s was reported [2] . During these months the Bardarbunga caldera slowly collapsed, which is a rare event in Iceland (the previous caldera collapse in Iceland is dated 1875). In this scenario, Ta nDEM-X remote sensing data is of particular interest [3J. By producing medium-high resolution and accurate elevation models of the caldera, it is possible to evaluate volume losses and topographical changes to increase the knowledge about the ongoing activity.
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DATASET
The Ta nDEM-X dataset is composed of 5 bistatic acquisitions covering the caldera. The main system parameters are in Tab. 1. The footprint of the data stack and the caldera outline are represented in Fig. 1 . The complete description of the test site and the Ta nDEM-X acquisitions used for this study is pre sented in [4J.
RESULTS
To evaluate the topographical changes, the DEMs are gener ated over a fixed geographical grid with spacing of about 6 m in latitude and longitude [5] . The original interferogram reso lution, computed taking into account the independent number of looks and the SAR cell resolution, is about 9 meters.
The DEM differences between the first DEM in the stack (01.08.2014) and all the others are depicted in Fig. 2 . The Bardarbunga caldera contour is traced according to the out line sketched in [2] . Fig. 2(a) shows the differential height on the 12th of August. Here, no relevant changes are no ticeable since this topographical map represents the elevation differences with a reference time lag of just 11 days and still before the main fissure opened up in the Holuraun plain. The small-scale topographical changes are mainly due to system noise. Instead, the topographical maps in Figs Footprints of the Ta nDEM-X acquisitions over the Bardarbunga caldera and the Holuhraun lava field. This figure shows the topography of Iceland and is generated by mosaicking Ta nDEM-X DEM tiles. The reference Ta nDEM-X DEM tile used for calibration purposes is also highlighted.
sidence, originated by the collapse of part of the ground above the magma chamber. The considerable depression left in the landscape, with subsidence peaks above 50 m for the largest time lag in Fig. 2(d) , is well visible. The formation of icecap cauldrons at the south-eastern rim of the caldera is also noticeable. Moreover, the differential maps reveal the complete topographical changes over the imaged part of the Vatnajokull glacier. Among them, two accumulations at the eastern Skafta cauldron and at the Grimsvotn volcanic system are remarkable and tagged in Fig. 2(b) .
The result of a quantitative study on the caldera subsi dence is displayed in Ta ble 2. SAR backscatter is measured by calibrating the amplitude signal and compensating for the local incidence angle. The reference DEM shown in Fig. 1 has been used for this purpose. The mean caldera backscatter is given in the second column of Ta ble 2. The difference between summer and autumn backscatter is due to a differ ent snow liquid water volume (the Vatnajokull glacier can be considered of wet snow type with variable liquid water volume [6] ). More in detail, the backscattering coefficient decreases with snow wetness. According to the analysis in [7] , the summer backscatter corresponds to a liquid water volume larger than 1 [ %vol ], making the Ta nDEM-X height measure very close to the surface top, according to wet snow dielectric models in the literature (e.g., [8] ). In contrary, au tumn acquisitions exhibit a backscatter yielding a lower liquid water volume, therefore prone to more substantial penetration issues. An empirical analysis over the large glacier area at the south-east of the caldera, chosen in order to avoid evident topographical changes and marked in Fig. 2(d) , reveals a mean difference of 1.26 m. This difference corresponds to a liquid water content smaller than 0.5 [ %vol ] [8] . The mean coherence over the caldera given in the third column is in general very high and the relative height error in the fourth column the considerably low. A geophysical interpretation of the results is presented in [4] .
A further analysis, serving as validation, is performed by comparing the glacier surface elevation derived with dGPS measurements on November, 11, (standard error: 10 cm) and the Ta nDEM-X measurement taken on November, 08. The GPS reference measure has been taken three days after the Ta nDEM-X acquisition, and can be considered reliable for validation outside the dynamically changing portions of the glacier (e.g. caldera and cauldrons). The difference between the two measurements is depicted in Fig. 3 . As aforemen tioned, the low liquid water volume of the SAR acquisition yields a certain degree of penetration. The mean difference between reference and Ta nDEM-X heights is 1.10 m, exclud ing the caldera and the southern portion of the track, where the terrain slopes yields higher errors. This mean discrep ancy confirms then the empirical penetration depth derived by differencing the summer and autumn DEMs. A set of scat ter plots, depicted in Fig. 4 , can also be analyzed. Fig. 4(a) shows the relationship between the height difference (i.e. pro portional to the penetration depth) and the radar backscatter (sigmaO). This scatter plot demonstrates that low backscat tering implies limited penetration depth due to the increase in water volume content. Fig. 4(b) shows the relationship be tween coherence and height difference. Although exhibiting very high coherence values, a decreasing trend with respect to the penetration depth is noticeable. This can be associ ated with a higher volume decorrelation for lower coherence values, bringing to a lower scattering phase center. Finally, Fig. 4(c) Table 2 . Mean value of relevant parameters computed over the Bardarbunga caldera. The six columns represent, from left to right, acquisition date, mean calibrated SAR backscatter of the master acquisition, mean coherence, mean standard height error, mean DEM difference between and current data, mean volume difference between first stack acquisition and current data. Fig . 3 . Height difference between dGPS measurements taken on 11.11.14 and the TanDEM-X measurement taken on 08.11.14. The elevation difference track is overlaid with the TanDEM-X master amplitude.
and coherence. Combining the considerations above, this plot is demonstrating that higher volume decorrelation is linked with lower liquid water content (and viceversa). Scatter plots related to the 08.1l.14 Ta nDEM-X ac quisition.
